We present a new, probabilistic method for determining the systemic proper motions of Milky Way (MW) ultra-faint satellites in the Dark Energy Survey (DES). We utilize the superb photometry from the first public data release (DR1) of DES to select candidate members, and cross-match them with the proper motions from Gaia DR2. We model the candidate members with a mixture model (satellite and MW) in spatial and proper motion space. This method does not require prior knowledge of satellite membership, and can successfully determine the tangential motion of thirteen DES satellites. With our method we present measurements of the following satellites: Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV; this is the first systemic proper motion measurement for several and the majority lack extensive spectroscopic follow-up studies. We compare these to the predictions of Large Magellanic Cloud satellites and to the vast polar structure. With the high precision DES photometry we conclude that most of the newly identified member stars are very metal-poor ([Fe/H] −2) similar to other ultra-faint dwarf galaxies, while Reticulum III is likely more metal-rich. We also find potential members in the following satellites that might indicate their overall proper motion: Cetus II, Kim 2, and Horologium II; however, due to the small number of members in each satellite, spectroscopic follow-up observations are necessary to determine the systemic proper motion in these satellites.
INTRODUCTION
The Milky Way (MW) satellites galaxies are a diverse set of systems with sizes ranging from tens to thousands of parsecs, and luminosities between 300 to 10 9 L (McConnachie 2012). Measuring the tangential motion of a satellite was until recently only available for the largest and brightest systems with Hubble Space Telescope astrometry and long baselines (e.g. Piatek et al. 2002; Kallivayalil et al. 2013; Sohn et al. 2017) . With the release of the Gaia DR2 (Gaia Collaboration et al. 2018b ) studying the tangential motion of many more MW satellites is now possible (Gaia Collaboration et al. 2018a) .
Learning the tangential motion of the MW satellites provides many new opportunities for further understanding their nature and origin. First, detailed knowledge of their orbital properties can be derived and the extent of the MW tidal influence known. The accretion or infall time of a satellite can test satellite star formation quenching models (i.e. reionization versus ram pressure striping) (e.g. Ricotti & Gnedin 2005; Rocha et al. 2012; Fillingham et al. 2015) . Second, we can test whether there are structures in the satellite distribution, including the hypothesis of pairs of satellites (e.g. Crater-Leo, Pegasus III-Piscess II Torrealba et al. 2016; Kim et al. 2015a ), the vast polar structure (Pawlowski & Kroupa 2013) , and satellites of Large and Small Magellanic Clouds (Jethwa et al. 2016; Sales et al. 2017) . Moreover, the distribution of satellites in phase space can determine the MW mass (e.g. Sohn et al. 2013; Patel et al. 2018 ). Many of these topics have been addressed in the first proper motion analysis of Gaia DR2 satellite papers (Gaia Collaboration et al. 2018a; Simon 2018; Fritz et al. 2018a; Kallivayalil et al. 2018) .
There have been a plethora of new candidate satellites in recent years, especially in the southern sky (e.g Laevens et al. 2015; Martin et al. 2015; Torrealba et al. 2016; Drlica-Wagner et al. 2016; Torrealba et al. 2018; Homma et al. 2018) . Many have been found in the footprint of the Dark Energy Survey (DES), a 5-year, 5000 deg 2 survey (Bechtol et al. 2015; Koposov et al. 2015a; Drlica-Wagner et al. 2015b; Kim & Jerjen 2015; Luque et al. 2016 Luque et al. , 2017 Luque et al. , 2018 . Many of these objects remain candidates and deeper photometry (e.g. Carlin et al. 2017 ) and/or spectroscopy (e.g. Simon et al. 2015; Li et al. 2018a ) is required to verify the stellar overdensity and to uncover their nature as a star clusters or dwarf galaxies (Willman & Strader 2012) .
New systemic proper motions with Gaia have been measured for many ultra-faint satellites (Gaia Collaboration et al. 2018a; Simon 2018; Fritz et al. 2018a; Kallivayalil et al. 2018; Massari & Helmi 2018) . Each study has utilized different methods to determine a satellite's systemic proper motion. For example, Gaia Collaboration et al. (2018a) ; Massari & Helmi (2018) had a selection based on spatial positions and Gaia color-magnitude diagrams and used an iterative sigma clipping routine to measure the proper motion. For satellites with spectroscopic follow-up, the systemic proper motion can be determined from 'bright' spectroscopically confirmed mem-bers (Simon 2018; Fritz et al. 2018a) . Kallivayalil et al. (2018) utilized a clustering algorithm to identify additional members in satellites with spectroscopically confirmed members.
In this contribution, we will introduce an independent method to measure the systemic proper motions of satellites that do not yet have spectroscopic follow-up. Throughout this paper we will refer to the DES candidates as satellites. While several objects have been confirmed via spectroscopy to be ultra-faint dwarf spheroidal galaxies (Eridanus II, Horologium I, Reticulum II, Tucana II, Simon et al. 2015; Walker et al. 2015; Koposov et al. 2015b; Walker et al. 2016; Li et al. 2017 ) others remain ambiguous (Grus I & Tucana III, Walker et al. 2016; Simon et al. 2017; Li et al. 2018b; Mutlu-Pakdil et al. 2018 ). In addition, several of the satellites are thought to be star clusters (Eridanus III, Kim 2 Luque et al. 2018; Conn et al. 2018a; Kim et al. 2015b ). Several of the candidates (Tucana V, Cetus II) have been argued to be false positives from deeper data (Conn et al. 2018a,b) .
In §2, we discuss the Gaia × DES DR1 data, cuts to produce a pure sample, and our methodology for determining the systemic proper motions of a satellite. In §3, we validate our method by comparing our results to satellites with spectroscopic follow-up and present the initial results for our sample. In §4, we compare the new systemic proper motions to kinematic/dynamical predictions, discuss the metallicity from color-color diagrams, discuss individual satellites, and conclude.
DATA & METHODS

Data
Our main objective is to determine the proper motions of all satellites found in DES (Bechtol et al. 2015; Koposov et al. 2015a; Kim & Jerjen 2015; Drlica-Wagner et al. 2015b; Luque et al. 2016 Luque et al. , 2017 . In this section, we describe the procedures for preparing the candidate stars in each satellite, which are then used in the mixture model method described in §2.2. We list the properties of each satellite we adopt in this paper and the corresponding references in Table 1 .
We first perform an astrometric cross-match of DES DR1 (DES Collaboration 2018) and Gaia DR2 (Gaia Collaboration et al. 2018b ) within a region of 1
• in radius for each satellite with a cross-match radius of 0. 5. As the astrometric precision of DES DR1 against Gaia DR1 is about 150 mas (DES Collaboration 2018), the cross-match radius of 0. 5 selects most of the stars in the magnitude range of 16 < r < 21, where the bright end is due to saturation in DES and the faint end is due to the limiting magnitude of Gaia. We note that the astrometry of Gaia DR2 is referenced to J2015.5 Epoch, while DES DR1 astrometry is referenced to J2000 Epoch. We did not perform any parallax or proper motion correction before the cross-match, and therefore we may miss some high-proper motion or nearby stars with this cross-match radius. As we are interested in targets that are relatively distant (> 10 kpc) with relatively small proper motions (a few mas yr −1 ), the cross-match should not affect the candidate members in each satellite.
We then perform a series of astrometric cuts using Gaia DR2. We remove nearby stars with a parallax cut:
− 3σ > 0 (Lindegren et al. 2018) . We remove sources with bad astrometric fits; defining u ≡ (astrometric chi2 al/(astrometric n good obs al − 5)) 1/2 . We remove stars with: u > 1.2 × max (1, exp (−0.2(G − 19.5))) (Lindegren et al. 2018) . Lastly, we perform a cut based on the MW escape velocity (v esc ). v esc is computed with the potential MWPotential2014 (with a slightly increased halo mass, M vir = 1.6 × 10 12 M ) from galpy (Bovy 2015) . We compute the tangential velocity (v tan ) of each star by converting the proper motions into Galactic coordinates in the Galactic Standard of Rest (GSR) frame after accounting for the Sun's reflex motion, assuming (U , V , W ) = (11.1, 12.24, 7.25) km s −1 , a circular velocity of 220 km s −1 (Schönrich et al. 2010) , and each star is at the satellite's heliocentric distance. We remove stars with the cut 1 : v tan −3σ vtan > v esc . The main goal of this cut is to remove large, precise proper motions that would increase the inferred MW dispersion parameters and pull the net MW motion towards the outliers. To be conservative we applied a relatively lose cut with a more massive MW. In Figure 1 , we show the color-magnitude diagram (CMD) of candidate stars before and after the astrometric cuts, using Gaia DR2 (left panel) and DES DR1 (middle panel) photometry of Reticulum II 2 as an example.
After the astrometric cuts, we performed additional selection criteria on the CMD using DES DR1 photometry. Our CMD selection is derived from the spectroscopically confirmed members in the six satellites with follow-up (see Table 2 for the satellites and the associated references). As shown in the right panel of Figure 1 , most of spectroscopically confirmed members on the red giant branch (RGB) in the DES satellites lie on a Dotter isochrone (Dotter et al. 2008) with an old and metal-poor population (age = 12.5 Gyr, [Fe/H] = −2.2). We therefore constrain our candidate members (RGB stars and main sequence turnoff stars) to be close to this isochrone. In addition, we selected blue horizontal branch (BHB) stars using an empirical isochrone of M92 from Bernard et al. (2014) after transforming to DES photometric system. Specifically, we select the targets to be either ±0.1 mag in ∆(g − r) or ±0.4 mag in ∆g to either isochrones, as illustrated by red solid and blue dashed lines in the right panel of Figure 1 . In the left and middle panels of Figure 1 , we show the candidate members of Reticulum II after the CMD selection along with the spectroscopically confirmed members, using Gaia DR2 and DES DR1 photometry. The spread with Gaia DR2 photometry is much larger at the faint end. Therefore, selection of a narrow isochrone window with DES DR1 photometry will largely decrease the background contamination from the Milky Way disk and halo stars. For reference we additionally include a more metal-rich isochrone ([Fe/H]=-1.5; age=10 Gyr) in the middle panel of Figure 1 as several satellites 1 We note that in principle the satellite may not be bound to the MW and the escape velocity cut would remove all members. We manually check that there are no high proper motion stars clustered near each satellite.
2 For examples in this paper, we select Reticulum II as it is nearby and has the most expected number of members. In addition, it contains a large number of stars that have been confirmed to be satellite members based on spectroscopic observations (Simon et al. 2015) . Table 2 ) that are included in the DES DR1×Gaia catalog. The lines shows our color-magnitude selection which includes a range based on color (red) and distance modulus (blue-dotted).
have larger photometric metallicities. We note that our photometric selection aims for a mostly pure sample of candidate members, rather than a complete sample to include every possible member star. For example, we exclude any members on the red horizontal branch (RHB) in the range of 0 < g − r < 0.4. As these ultra-faint dwarf galaxies are old and less massive, we expect minimal RHB members in each satellite, except for some RR Lyraes in this color range. Indeed, the spectroscopic RHB member in the tidal tail of Tucana III (Li et al. 2018b ) turns out to be a non-member from its proper motion; however, the RHB member in Tucana II is a proper motion member (Walker et al. 2016) . Furthermore, we may miss members that are farther away from the isochrone, either due to larger photometric uncertainties at fainter magnitudes, or due to an intrinsic metallicity spread (e.g. see Eridanus II in the right panel of Figure 1 ). If the satellite is more metal-rich (and therefore more likely to be a star cluster rather than a dwarf galaxy), the color of its members will also deviate from the default isochrone, which may result in a null measurement. This is further discussed in §3.2 for the satellites with null results.
We note that all DES photometry referred in this paper are dereddened photometry from DES DR1, using the E(B − V ) values from the reddening map of Schlegel et al. (1998) and extinction coefficients reported in DES Collaboration (2018), which were derived using the Fitzpatrick (1999) reddening law and the Schlafly & Finkbeiner (2011) adjusted reddening normalization parameter. For Gaia photometry, we refer to the observed photometry from Gaia DR2 without any reddening correction, and we note that the Gaia photometry is only used for plotting and not used for any computation.
Method
We model the candidate stars as a mixture model containing a satellite and a MW foreground. The total likelihood (L) is:
where L satellite and L MW correspond to the satellite (dwarf galaxy or star cluster) and MW components respectively. f MW is the fraction of stars in the MW component. Each likelihood term is decomposed into spatial proper motion parts:
where L spatial and L PM are terms for the spatial and proper motion distributions respectively. The proper motion term is modeled as a multi-variate Gaussian:
where χ = (µ α cos δ, µ δ ) is the data vector and χ = (µ α cos δ, µ δ ) is the vector containing the systemic proper motion of the satellite or MW foreground. The covariance matrix, C, includes the correlation between the proper motion errors and a term for the intrinsic proper motion dispersion. The covariance matrix is:
where represents the proper motion errors and σ the intrinsic dispersions. We do not include intrinsic dispersion terms for the satellite component as it is expected to be significantly smaller than the proper motion uncertainties 3 . For the satellite spatial term, we assume a projected Plummer stellar distribution (Plummer 1911) :
where R 2 e = x 2 + y 2 /(1 − ) 2 , is the elliptical radius, a h is the semi-major half-light radius, and is the ellipticity. Here x and y are the coordinates along the major and minor axis respectively and the on-sky coordinates (δα, δδ) have been rotated by the position angle, θ, measured North to East to this frame. The spatial scale for the MW satellites is the half-light radius, r h = a h √ 1 − , and we use the azimuthally averaged quantity here. The parameters for a h , , and θ are taken from the literature and summarized in Table 1 . The satellite's probability distribution of projected ellipticity radii is given by p Re (R e ) = 
We assume the MW foreground is constant the over the region probed. We pre-compute the spatial probabilities 4 and the relative normalization between the two spatial components is determined with the fraction parameter (f MW ). The spatial term in effect acts as a weight term: stars near the satellite's center are more likely to be satellite members. The stars at large radii will determine the MW proper motion and assist in identifying MW interlopers near the satellite's center. Overall, our model contains 7 free parameters: 2 parameters for the systemic proper motion of the satellite (µ α cos δ, µ δ ); 4 to describe the MW foreground model, 2 systemic proper motion (µ MW α cos δ, µ MW δ ), and 2 dispersion parameters (σ MW µα cos δ , σ MW µ δ ); and 1 for the normalization between the two components (f MW ). In appendix A we explore a two component MW foreground model. For priors, we assume linear priors except for the dispersion parameters where we use Jeffreys priors 5 . The priors ranges: are −10 < µ < 10 mas yr −1 for the proper motions, −3 < log 10 σ µ < 1 for the MW dispersions, and 0 < f MW < 1 for the fraction parameter. To determine the posterior distribution we use the MultiNest algorithm (Feroz & Hobson 2008; Feroz et al. 2009 ).
To determine a star's satellite membership, p i , we take the ratio of satellite likelihood to total likelihood: (Martinez et al. 2011) . This is computed for each star at each point in the posterior. We utilize the median value as the star's membership (which we refer to as p i , for the ith star). p i represents the probability for the star to be a member of the satellite population only considering its proper motion and spatial location. We will refers to stars as 'members' if they have p i > 0.5.
RESULTS
Before moving to general results, we first examine the result of one satellite, Reticulum II, in more detail. Note. -Columns: Satellite name, number of spectroscopic members (Nspec), number of spectroscopic members cross matched to Gaia (N Gaia ), number of spectroscopic members recovered (p i > 0.5) with our method (Nrecover), number of new members (p i > 0.5) with our method (Nnew). 2018), Reticulum II (Simon et al. 2015; Walker et al. 2015; Koposov et al. 2015b ), Tucana II (Walker et al. 2016 Chiti et al. 2018) , and Tucana III (Simon et al. 2017; Li et al. 2018b ). We will refer to stars in a satellite that have been previously confirmed to be members with spectroscopic observations as "spectroscopic members" or "spectroscopically confirmed members."
Our results in this section are summarized in Figure 4 and Table 2 . Figure 4 displays all potential members (p i > 0.1) in proper motion space. Each panel displays a different satellite and spectroscopically confirmed members are circled in magenta. Overlaid are other proper motion measurements from the literature (Simon 2018; Fritz et al. 2018a; Kallivayalil et al. 2018; Massari & Helmi 2018) . We list the number of spectroscopic members in Gaia and those recovered from our method in Table 2 . Overall, our model recovers most known members and we find excellent agreement between our results and the literature.
We now discuss the missed spectroscopic members of each satellite in detail. Recall here we consider stars members if p i > 0.5. As shown in Figure 4 , we miss a single spectroscopic member in Eridanus II as it falls outside of our of color-magnitude selection and fails the astrometric quality cut. As this galaxy has the largest stellar mass of the satellites considered, a wider colormagnitude diagram may be indicative of extended star formation or a larger spread in metallicity. In Grus I we miss a spectroscopic member on the red side of our color-magnitude selection. From medium resolution spectroscopy Walker et al. (2016) estimate the mean metallicity to be [Fe/H] ≈ −1.4, significantly more metal rich than our isochrone. We miss two spectroscopic members in Reticulum II. The first is the brightest spectroscopic member and is saturated in the DES DR1. The second is faint (G ∼ 20) and ∼ 3σ off in the µ α cos δ direction.
There are 48 spectroscopic members in the core and tidal tails of Tucana III. Of these spectroscopic members, only 22 are within 1 degree of the center and bright enough for Gaia catalog. We miss the most stars in this satellite, with only 15 of the spectroscopic members having p i > 0.5. This is mainly due to our choice of spatial model for Tucana III; we did not include a model to account for the tidal tails of Tucana III. Specifically, four spectroscopic members have low membership (p i < 0.2) due to their large radii; with r > 45 , they are the members of the tidal tails. The other three disagree with the Tucana III mean proper motion by 1-2σ and are assigned lower membership.
In Tucana II, the RHB spectroscopic member is missing as RHB were not included in our CMD selection. Of the six satellites we validate our measurement with, all results agree with the literature except for Tucana II measurement in Kallivayalil et al. (2018) . Tucana II is ∼ 3 − σ off in the µ δ direction. We note that our Tucana II measurement is consistent with other Tucana II measurements (Simon 2018; Fritz et al. 2018a ). More spectroscopic data of Tucana II is required to validate membership and understand this discrepancy.
We note that while we could modify our selection for an individual satellite to increase the recovery rate of spectroscopic members, we cannot do this for satellites without spectroscopic members. For consistency, we explore identical setups for each satellite. As discussed in Sec. 2.1, our color-magnitude selection is catered towards finding a pure sample of stars in a metal-poor ultra-faint satellite. As our model includes a MW foreground model, any interlopers will be down-weighted and our overall results are robust to interlopers. To further improve satellite and MW separation we could include radial velocities in our mixture model but our goal is to apply this method to satellites without spectroscopic follow-up.
In addition to recovering the spectroscopic members, we also find additional members in these objects. We list the number of new members with p i > 0.5 in Table 2 . We suggest these stars should be prioritized in future spectroscopic observations.
New Measurements
We apply the same method to 14 DES satellites that have no spectroscopic information reported in the literature. We assess detection by verifying a cluster of members in proper motion space in the diagnostic plots (e.g. Figure 2 ; see plots for other satellites in Appendix C), the total number of members in the satellite ( p i ), and by examining the satellite posteriors (e.g. Figure 3 ; see posteriors for other satellites in Appendix C). Our measurements of the systemic proper motions are summarized in Table 3 .
The sum of the membership probability ( p i ) in each satellite, is essentially the number of member stars in each satellite from our mixture model (listed in Table 3) . As a comparison, we calculated the expected number of member stars (N expected ) using the luminosity and distance of each satellite in Table 1 . We assume the satellite has a Chabrier (2001) initial mass function with an age of 12.5 Gyr and metallicity of [Fe/H] = −2.2, then we estimate the expected number of member stars with G < 20.9
6 from 100 realizations of stellar populations randomly sampled using ugali 7 . The expected number of members are given in Table 3 in the N expected column. For most satellites, N expected and p i are in excellent agreement (i.e. the mixture model agrees with the stellar population sampling) however Grus II, Reticulum III, Tucana IV, and DES J0225+0304 are all lower than expected. The number of stars within three times the halflight radius that pass all of our cuts (N(r < 3 × r h )) is given in Table 3 . For a stellar distribution that follows a Plummer density profile, 3 × r h includes 90% of the stars. Comparing this column to p i shows that in some satellites our cuts are enough to identify most members (e.g., Grus I, Pictor I) whereas in other satellites the mixture model is necessary to remove MW interlopers (e.g. Grus II, Tucana II).
We are able to measure the systemic proper motion of the following seven satellites which lack extensive spectrosopic follow-up and were not used to validate our method: Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV. The satellites Eridanus III and Horologium II lie at the border of what we consider a measurement of the systemic proper motion; in both cases the 'detection' would be dependent on a single red giant branch star and two blue horizontal branch stars. While interlopers are rare at blue colors we only claim a signal in Eridanus III as the stars are brighter and more tightly clustered in proper motion space and the posteriors of Horologuim II are not well constrained; we leave Horologium II as a plausible 6 The magnitude cut is close to the faintest potential members in our sample. We note that that Gaia DR2 is not complete to this magnitude and that the limiting magnitude may change between satellites.
7 https://github.com/DarkEnergySurvey/ugali measurement. We review the seven satellites with new measurements individually in §4.3. In additional to Horologium II, we are not able to conclusively determine the proper motions of Cetus II, or Kim 2 8 . The satellite posteriors are not well constrained; this is due to the low number of inferred members (generally a 'bright' star plus a few very faint stars). As the number of expected members was low in these satellites, it is not surprising to see the ambiguous result. We further discuss these satellites in Appendix B and we do not claim measurements of the systemic proper motion for these satellites. However, the potential members are excellent targets for future radial velocity measurements.
We are not able to determine the systemic proper motion of DES 1, DES J0225+0304, Indus II, or Tucana V. The likelihood fit returns zero signal (i.e. p i ≈ 0). There are two possibilities for this non-detection. First, the satellites could be more metal-rich and therefore our CMD cut removes some members. To test this, we explored a 'metal-rich' isochrone ([F e/H] ≈ −1.5, age=10 Gyr) but were still not able to locate any members. Second, due to the low luminosity of these satellites, the number of expected members brighter than the Gaia magnitude limit is minimal. This is true for for DES 1 and Indus II. As Poisson noise is expected for 'bright' members, it is not unexpected to see the no detection for a couple of faint satellites. However, given that N expected = 16 for DES J0225+0304, it is surprising to have no detection for the satellite. As DES J0225+0304 is located within the Sagittarius stream it is possible that the overdensity is driven by the stellar stream. Within the central region of DES J0225+0304 (2 × r h ), only six stars are left after applying much looser isochrone cuts. As noted in Luque et al. (2017) the age, metallicity, and distance of the stellar candidate and the Sagittarius stream overlap and this candidate may be a false positive (see Conn et al. 2018a,b) . Deeper imaging is necessary to further explore the nature of DES J0225+0304. We note that as described in §2.1, we applied an escape velocity cut to remove nearby stars with large proper motions, as the MW hypervelocity stars will slightly affect the inferred MW parameters. In principle the satellite may not be bound to the MW and the escape velocity cut will remove all members. To test this we examined all stars at small radius without the escape velocity cut to check for members. No satellites have an overdensity of 'hypervelocity' stars and we conclude that this cut did not lead us to miss the signal from any of the satellites.
DISCUSSION AND CONCLUSION
Comparison to Predicted Dynamics and
Kinematics In this section, we compare our measurements of the systemic proper motion with predictions of LMC satellites dynamics and kinematic membership in the vast polar structure (VPOS). The summary of the model comparison is shown in Figure 5 . 8 We note that this satellite was later independently discovered by two groups (Koposov et al. 2015a; Bechtol et al. 2015) working with DES data and both referred to as Indus I. As it was first discovered by Kim et al. (2015b) and they were the first to consider it a globular cluster we have denoted it as Kim 2 throughout the paper. Tucana IV Figure 5 . Comparison of our proper motion results to predictions of LMC satellites infall models (Jethwa et al. 2016; Sales et al. 2017; Kallivayalil et al. 2018) and to predictions of satellites co-and counter-orbiting the vast polar structure (VPOS) of the MW (Pawlowski et al. 2015) .
Due to their proximity to the LMC, it was immediately suggested that some of the new DES satellites are (or were) associated with the LMC (Bechtol et al. 2015; Koposov et al. 2015a; Drlica-Wagner et al. 2015a ). The LMC is predicted to have many of its own satellites and there is even a dearth of LMC satellites with higher stellar masses (≈ 10 4 M ) (Dooley et al. 2017 ). More detailed analytic modeling and cosmological N-body simulations suggest that several of the new DES satellites were accreted by the MW with the LMC (Deason et al. 2015; Yozin & Bekki 2015; Jethwa et al. 2016; Sales et al. 2017) . In order to confirm the association of a satel- 
Note. -Columns: satellite name, sum of membership probability ( p i ), number of stars with p i > 0.1, number of expected members (N expected ; see text), number of stars within three times the half-light radius (N(r < 3 × r h )), systemic proper motion in α cos δ direction, systemic proper motion in δ direction, and correlation between proper motion coordinates. The satellites are order by: satellites with spectroscopic follow-up, new proper motions, potential proper motions, and null results. We note that we have not included the systematic error of 0.035 mas yr −1 (Gaia Collaboration et al. 2018a). (a) For Columba I, we note that two probable members are likely to be more metal-rich stars. We therefore also calculated the proper motions with 5 members which give µα cos δ = 0.08 ± 0.21 mas yr −1 , µ δ = −0.11 ± 0.28 mas yr −1 . See details in §4.2 and §4.3.
lite with the LMC, full phase space knowledge and orbit modeling is required. Our results provide part of the kinematic input to test these predictions.
There are two independent analyses that have made predictions for the radial velocities and proper motions for DES satellites assuming an LMC association 9 (Jethwa et al. 2016; Sales et al. 2017; Kallivayalil et al. 2018) . Jethwa et al. (2016) consider the distribution of LMC satellites after simulating the accretion of a LMC analog into a MW halo. They perform multiple simulations, varying the masses of both the LMC and MW. Sales et al. (2017) ; Kallivayalil et al. (2018) examine the accretion of a LMC analog in a cosmological simulation. In Figure 5 , systemic proper motion predictions from both models are compared to our results. Based on the Kallivayalil et al. (2018) models, our proper motion results suggest that Eridanus III, and Phoenix II are (or were) associated with the LMC. In fact, Kallivayalil et al. (2018) find an overdensity of stars in Phoenix II with proper motions consistent with their prediction and suggest that these stars are Phoenix II members. None of the predictions from Jethwa et al. (2016) models agree with our measurements. To further confirm any association with the LMC for these satellites, the radial velocity is required in addition to orbit modeling with a LMC po-9 One of the analysis is spread over two papers (Sales et al. 2017; Kallivayalil et al. 2018) . Sales et al. (2017) provides the theoretical framework and discuss the N-Body simulation while Kallivayalil et al. (2018) provides the observational counterpart and proper motion predictions.
tential. We note that the two models have quite different predictions for the proper motions of the seven satellites. This may be due to the setup of the simulation (cosmological versus isolated) or the choices in mass for each LMC, SMC, and MW components (only Jethwa et al. 2016 , included the SMC). Moreover, there may be subtle differences based on how the simulations were transformed into the observed frame and local standard of rest (Fritz et al. 2018b) .
Another peculiarity in the distribution of the MW satellites is the so-called vast polar structure (VPOS). The VPOS is a planar structure of satellite galaxies and distant globular clusters that is roughly perpendicular (θ ∼ 82
• ) to the MW disk (Pawlowski 2018 ). New proper motions from Gaia have already confirmed some satellites are consistent with membership in the VPOS (Simon 2018; Fritz et al. 2018a ). The systemic proper motion predictions (Pawlowski et al. 2015) of satellites co-orbiting (VPOS-co) and counter-orbiting (VPOS-counter) are additionally included in Figure 5 . These predictions are represented as boxes, if the systemic proper motion is anywhere within the boxes the satellite is consistent with VPOS membership. We find Eridanus III and Phoenix II are consistent with co-orbiting, while Pictor I is consistent at ∼ 1σ with counter-orbiting. The other 4 satellites do not have published predictions. We note that Eridanus III and Pictor I are spatially consistent with membership while Phoenix II is 1σ away from the plane. Of ultra-faints with new proper motions, 16 have been consistent with VPOS membership while 6 are not (Fritz et al. 2018a ). Similar to the LMC model comparisons, further confirmation of VPOS membership requires radial velocities.
Metallicity with Color-Color Diagram
The DES photometry is precise enough to identify metal-poor RGB stars in a g − r vs r − i color-color diagram with color range of around 0.4 g − r 0.8, first shown in the spectroscopic follow-up study of the Tucana III stream in Li et al. (2018b) . In the color range 0.4 g − r 0.8, at a given r − i color metal poor stars are bluer relative to metal rich stars in g − r color. This is a similar effect to the traditional ultraviolet excess or line-blanketing effect ( e.g., Wildey et al. 1962; Sandage 1969) as seen in the SDSS u − g vs g − r diagram (Ivezić et al. 2008) .
To further verify that metal-poor RGB stars can be identified, we examined all spectroscopically confirmed members in the DES satellites (see Table 2 for references), as shown in the left hand panel of Figure 6 . At g − r 0.35, all spectroscopic members are found above the empirical stellar locus 10 except for Grus I which is more metal rich (Walker et al. 2016 ). This further confirms the correlation between the metallicity and DES stellar colors. In the right hand panel we show a similar diagram for stars with high membership probability in the mixture model (p i > 0.8) for the seven satellites with new proper motion measurements. The candidate selection is not biased to only include stars above the empirical stellar locus and our mixture model does not consider color in the fit. Interestingly, the members are preferentially located above the empirical stellar locus, suggesting the metal-poor nature of these satellites. The only exception is Reticulum III, where all RGB members lie below the empirical stellar locus line.
Though the colors of stars are not used in the mixture model, the locations of the stars in the color-color diagram will help us assess their membership when we review individual satellites in §4.3.
Review of Individual Galaxies
We discuss the seven satellites with systemic proper motion measurements that we did not sure to validate of measurements in this section. The seven satellites are: Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV. This is the first proper motion measurement of Eridanus III and Pictor I. We discuss star-by-star comparisons with Fritz et al. (2018b) that identified members with VLT/FLAMES/GIRAFE spectroscopy in three satellites (Columba I, Reticulum III, Phoenix II). The diagnostic and posterior plots for each satellite are available in Appendix C.
We divide the potential members into three categories: high probability (p i > 0.8), medium probability (0.3 < p i < 0.8), and low probability (0.1 < p i < 0.3). The full list of potential members (p i > 0.1) is in Table 4 11 and 10 The empirical stellar locus is constructed as the median r − i color at every g − r color bin using dereddened DES photometry with 16 r 21 (sampled over the full survey footprint). See more details in Li et al. (2018b) .
11 Full membership files can be found at https://github.com/ apace7/gaia_cross_des_proper_motions. includes astrometry, photometry, proper motions and membership probabilities.
Columba I has 5 members with high probability and 2 with medium probability. However, both medium probability members are below the stellar locus and are therefore likely non-members. If we calculate the proper motion with the 5 high probability members, we get µ α cos δ = 0.08 ± 0.21 mas yr −1 , µ δ = −0.11 ± 0.28 mas yr −1 , which is still consistent to our results with the mixture model in Table 3 . Fritz et al. (2018b) presents spectroscopic and astrometric data of Columba I using Gaia DR2 and VLT/FLAMES spectroscopy. They find 8 potential members, considering 4 as confident members and 4 as potential members. Of these 8 stars, 2 confident and 3 possible members are in the Gaia DR2 catalog. They find (µ α cos δ, µ δ ) = (0.33 ± 0.28, −0.38 ± 0.38) mas yr −1 which is consistent at the 1.25 − σ, 0.9σ level with our measurement. The two stars they consider members we also consider members (p i = 0.98, 0.97). Of the three stars they consider possible members, one has medium membership (p i = 0.70), while the other two are at the non-member/low-membership boarder (p i = 0.09, .011). We note they prefer their confident membership proper motion measurement. As our mixture model method considers all Gaia proper motion data their identified members are a subset of ours.
Eridanus III has the lowest significance with what we consider a 'detection'. It has 4 members with high probability (including 2 BHBs) and 2 with medium probability. The confidence of our detection is mainly based on the agreement in proper motion space for the brightest RGB and 2 BHB stars and the constrained satellite parameters in the posterior distribution. Interestingly, the proper motion overlaps with the Kallivayalil et al. (2018) LMC satellite accretion models and as a satellite co-orbiting in the VPOS (Pawlowski et al. 2015) . Of the satellites with new measurements it is the only satellite considered to be a star cluster (Luque et al. 2018; Conn et al. 2018a) .
Grus II is relative bright and nearby, therefore it has the most potential members among the satellites with new proper motion measurements. It has 11 RGB and 3 BHB members with high probability. For Grus II, Massari & Helmi (2018) find (µ α cos δ, µ δ ) = (0.37 ± 0.07, −1.33 ± 0.08) mas yr −1 which is consistent with our result at the 1 − σ level. We find the total membership to be p i = 32, which is smaller than expected from the stellar population simulations (N expected = 39 ± 7) whereas Massari & Helmi (2018) find 45 members. We suspect our results are driven by the partial overlap in proper motion space of Grus II and the MW foreground. Almost all stars at larger radii (r > 1.5 × r h ) are considered MW members. However, we still find that the stars follow the Plummer distribution; for stars with p i > 0.5, 16 are within the half-light radius and 12 are outside of it. Due to the large number of members near the center of the satellite we can still successfully recover the systemic proper motion of the satellite. To further disentangle Grus II and the MW foreground, radial velocities are required.
Phoenix II has 9 members with high probability, 2 of which are BHBs, and the remaining 7 RGB mem- . g − r vs r − i color-color diagrams for stars in the DES satellites. Left: Spectroscopic members in the DES DR1 × Gaia catalog of the six DES satellites with spectroscopic follow-up (see Table 2 for citations). Excluding Grus I all satellites where found to be extremely metal-poor ([Fe/H] −2.0) from the spectroscopic follow-up. Correspondingly, the spectroscopic members in these satellites (excluding Grus I) all lie above the DES empirical stellar locus (dashed black line) and can be well described by a Dotter isochrone with a metal-poor population ([Fe/H] = −2.2; cyan line) . Right: High probability members (p i > 0.8) of the seven satellites with new proper motion measurements: Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV. Most of these proper motion members in new satellites are predicted to be metal-poor with the exception of Reticulum III, where all of the members are below the stellar locus.
bers are all above the empirical stellar locus and are therefore likely to be metal-poor members. The systemic proper motion of Phoenix II agrees with the accretion models of Sales et al. (2017) ; Kallivayalil et al. (2018) and is candidate for a LMC satellite. Kallivayalil et al. (2018) starting from their model predictions, used a clustering algorithm to identify 4 stars near Phoenix II with a similar systemic proper motion of (µ α cos δ, µ δ ) = (0.54±0.10, −1.17±0.12) mas yr −1 . Our model identifies additional members but it is consistent with their result. Fritz et al. (2018b) find six members from their combination of Gaia DR2 and VLT/FLAMES spectroscopy (one is considered a possible member). They find (µ α cos δ, µ δ ) = (0.50±0.12, −1.16±0.14) mas yr −1 which is consistent with our measurement. Two of these stars fall outside of our color-magnitude selection (one of these stars is the possible member), but they are likely members based on their proper motions and velocities. One star is located on the red horizontal branch (a potential RR Lyrae) and we specifically excluded this region from our analysis. The other star is much redder than the isochrone (∆g − r ≈ 0.14); its red color may be due to odd abundances (e.g. Carbon enhanced star Koposov et al. 2018) . The four other stars are all considered members in our analysis (p i = 0.99, 0.92, 0.82, 1.00).
Pictor I 12 has 7 RGB members with high probability. The 5 brighter stars form a tight cluster in proper motion space, indicating that this is the likely signal of Pictor I. All stars are found above the stellar locus suggesting that this is a metal-poor satellite.
Reticulum III has 5 members with high probability and 1 member with medium probability (which is also a BHB star). Interestingly, all 5 high probability members lie below the stellar locus. As these 5 stars are clumped in proper motion space, it is unambiguous that these stars are Reticulum III members. The location in color-color space indicates that it might have a relatively more more-metal rich population. Based on its size r 1/2 ≈ 60 pc and luminosity it is not expected to be a star cluster (Drlica-Wagner et al. 2015b) . From the stellar mass-metallicity relation (Kirby et al. 2013b ), a dwarf galaxy of it's luminosity is expected to have [Fe/H] ≈ −2.5. It is possible that it is a remnant of a much more massive satellite, similar to what has been suggested for Segue 2 (Kirby et al. 2013a) . Alternatively, these stars may still be metal-poor but have some interesting chemical composition (e.g. carbon enhancement Koposov et al. 2018) . Spectroscopic follow-up is needed to conclusively provide information on their metallicity and chemical abundance. As mentioned in §3.2, we find fewer members in Reticulum III from our mixture model ( p i = 5.78) than expected from the luminosity estimation (N expected = 12 ± 4; Table 3 ). If Reticulum III is more metal-rich then the metal-poor isochrone, the CMD selection may have missed some members. Fritz et al. (2018b) find three members from their combination of Gaia DR2 and VLT/FLAMES spectroscopy. They find (µ α cos δ, µ δ ) = (−0.39 ± 0.53, −0.32 ± 0.63) mas yr −1 which is 1.2 − σ, 1.4σ away from our measurement. Their faintest member we consider a nonmember as it does not satisfy our color-magnitude selection while the other two we consider members (p i = 0.99, 0.98). As our method is able to identify all members in the Gaia DR2 data their measurement is a subset of the total Gaia DR2 sample. We do note that they find all three stars to be very metal poor ([Fe/H]< −2.5) from calcium triplet measurements in contrast to our findings with the g-r vs r-i color-color diagram.
Tucana IV has few members with high probability but many with medium probability. Similar to Grus II, we find that the MW foreground overlaps with the Tucana IV proper motion and makes recovery of the satellite systemic proper motion difficult. Because of its low surface brightness and large size the mixture model has difficulty separating nearby members from the MW. As mentioned in §3.2, the number of members from the likelihood fit ( p i = 16) is much smaller than the expected number of members based on its luminosity and distance (N expected = 29 ± 5; Table 3 ). In fact, our method has trouble identifying any high probability members outside the half-light radius; only 3 stars outside the half-light radius have p i > 0.5. Increasing the complexity of foreground model does not increase the number of satellite stars found (see Appendix A for a full description and discussion of the two component MW modeling). Massari & Helmi (2018) find (µ α cos δ, µ δ ) = (0.75 ± 0.06, −1.70 ± 0.08) mas yr −1 while we find a similar result with much larger errors (µ α cos δ, µ δ ) = (0.63 ± 0.24, −1.71 ± 0.22) mas yr −1 . We also note that the posterior distribution for the satellite parameters contain non-Gaussian tails. If this satellite was less luminous we likely would not have been able to identify it.
Conclusions
We have presented a method for determining the proper motion of ultra-faint satellites utilizing Gaia DR2 proper motions and DES DR1 photometry. Our mixture model successfully recovered the systemic proper motion of the six DES satellites with spectroscopic members as a validation of our method. We were able to measure the systemic proper motion of seven additional satellites: Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV, five of which are new measurements. We found that Eridanus III and Phoenix II are consistent with the dynamics of LMC satellites but additional verification with the satellite's systemic radial velocity and orbit modeling is required. Of the three satellites with vast polar structure proper motion predictions, all three are consistent with membership. Eridanus III and Phoenix II are co-orbiting while is Pictor I counter-orbiting. With DES photometry most of the new satellites are predicted to be extremely metal-poor ([Fe/H] −2); the exception is Reticulum III, which we predict to be more metal rich ([Fe/H] ∼ −1.5) than most ultra-faint satellite.
Although the main motivation of this work was to measure the systemic proper motion of the satellites in the Milky Way, as a byproduct, our study also provides a list of satellite members based on their photometry and proper motion. In Table 4 , we list all stars with membership probability p i > 0.1 in 17 satellites. For the 6 satellites with spectroscopic follow-up (i.e. Horologium I, Reticulum II, Eridanus II, Grus I, Tucana II, Tucana III), we find additional members in each satellite (see §3.1 and Table 2 ); these members are relatively bright and are excellent targets to increase the spectroscopic sample sizes to improve the dynamical mass measurements. For the 7 satellites that without any or extensive spectroscopic follow-up but with systemic proper motion measurements (i.e. Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV), the list of members can aid target selection in future spectroscopic follow-up. We are not able to conclusively determine the proper motions of the remaining 3 satellites (i.e. Cetus II, Kim 2, and Horologium II); however, we suggest that spectroscopic follow-up/and membership confirmation of these potential members could determine the systemic proper motion of the satellites. We note that due to our selection in §2.1, we may miss some stars in each satellite. Therefore, the list we provide is not meant to be complete, but should be considered with higher priority for target selection of spectroscopic follow-up observations.
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A. TWO COMPONENT MILKY WAY FOREGROUND MODELING
Here we explore a more complex MW foreground model to verify that our results are robust to choice of foreground model. We expand the proper motion component of the MW model from one to two Gaussian components. We will refer to this model as the two component model. Physically the two components could represent the MW halo and disk, however, note that the cuts we apply ( and v esc ) preferentially removes MW disk stars from the sample. To distinguish the components, we assume that one component has an overall larger proper motion dispersion:
). In the disk and halo interpretation the 'disk' component will have a larger dispersion as the disk stars are closer and have larger proper motions. Overall, adding the second component increases the number of free parameters by five; two mean MW proper motions, two MW proper motion dispersions, and a fraction parameter to weigh the two components. The priors for these parameters are set to be the same as in the single foreground model case.
We apply this additional foreground model to the 13 satellites with a signal and Horologium II. In all cases our measurements in the two component model are within the errors of the single component model, with similar precision on the systemic proper motion with the exception of Horologium II and Tucana IV. In Figure 7 , we show the posterior distribution of Grus II as an example of the two component model. The posterior distribution of the satellite systemic proper motion parameters are extremely similar to the original foreground model. In general, the MW foreground parameters are not well constrained. The satellite proper motions parameters do not correlate with any of the foreground MW parameters. The MW parameters are highly correlated among other MW parameters (in particular between the 'halo' and 'disk' parameters). The dispersions are correlated and in most cases not resolved into individual components. The number of stars in the background is not large enough to separate the foreground into multiple components.
To quantify which of the foreground models is a better fit we compute the logarithmic Bayes Factor (ln B), the ratio of Bayesian evidence between the two models, a commonly utilized model comparison test (Trotta 2008) . The ranges of ln B : 0 < 1 < 2.5 < 5 correspond to insignificant, weak, moderate and strong evidence in favor of one model (negative values indicate evidence in favor the other model). We find in all but one satellite (Eridanus III) the two component model is highly disfavored; for 12 satellites the ln B range is between −20 < ln B < −5.5 (where positive values imply the two component foreground is favored). Eridanus III has ln B = +4.6. Based on the model selection criteria increasing the complexity and number of parameters of the foreground model does not improve the fit and is not justified based on the sample sizes.
We find that in most cases the overall change in membership is lower but small; for 9/13 satellites the change is ( ∆p i < −1). The overall range of membership changes is ∆p i ∼ −8.0 − +0.6. When restricted to only brighter stars (G < 19.5) the change in membership is much smaller and the maximum change is only ∆p i ∼ 1.7. In general, the stars 'moved' to the MW population are faint (G > 19.5) with large proper motion errors. The satellites with the largest number of members (e.g. Grus II, Tucana II, and Tucana III) had the largest decrease in membership, however, their systemic proper motion does not change (with the exception of Tucana IV). While some satellites have large changes in membership, they are almost all faint stars.
Of the satellites with a signal, Tucana IV has the largest change in the systemic motion; it changes by ≈ 0.7σ/0.3σ (µ α cos δ, µ δ ) and the errors increase by about a factor of two. The membership decreases by δp i ∼ 4.4. The significance of the detection of the proper motion signal of Tucana IV is decreased relative to the original foreground model (however, this foreground model is disfavored compared to the original). As there are not many bright stars to anchor the satellite measurement it is much harder to distinguish between MW and satellite stars for this satellite. In addition this was the only satellite where all four MW dispersions parameters were constrained to be non-zero. In most cases the MW dispersion parameters had large tails to zero-dispersion. Tucana IV is one of the most diffuse satellites in our sample and as there is some overlap in MW proper motion our method has trouble disentangling it from the MW. Radial velocities and stellar chemistry will be key to improve the Tucana IV systemic proper motion measurement.
B. DISCUSSION OF INDIVIDUAL SATELLITES WITHOUT A CONCLUSIVE DETECTION
While we are not able to conclusively determine the systemic proper motion of Cetus II, Kim 2, and Horologium II, we do find several potential members in each satellite. We have provided diagnostic plots and corner plots for these four satellites in Appendix C. If stars in these systems are verified as members with spectroscopic follow-up, the systemic proper motions could be determined. Horologium II has 3 members with high probability (including 1 BHB) and 2 with medium probability (including 1 BHB). Three RGB stars are all above stellar locus, indicating that they are metal-poor stars. Although these 5 stars cluster in proper motion space, the errors are too large to claim that they are members of the same source. In addition, the satellite posterior is not well constrained. Spectrosopically confirming their membership in Horologium II or improving the precision of the proper motions (i.e. later Gaia releases) are required for future studies of this object. We note that in the two component foreground model, the significance of the Horologium II signal deceases.
We note that there has been spectroscopic follow-up of Horologium II with VLT/FLAMES/GIRAFFE (Fritz et al. 2018b) , however, the poor velocity precision of only three potential members and lack of a clear cold spike makes it unclear whether the heliocentric velocity has been measured. They find (µ α cos δ, µ δ ) = (1.52 ± 0.25, −0.47 ± 0.39) mas yr −1 which is consistent at the 1.6 − σ, 0.6σ with our measurement. They find three members, the brightest is outside our color-magnitude diagram selection. The other two have membership of 0.68 and 0.98 in our model.
In Kim 2 and Cetus II we find a single 'bright' star and 2-3 faint stars, in agreement with the expected number of stars in these objects (N expected = 2 − 4). In Tucana V, if we assume = 0 we find a non-zero signal (although it is at lower significance than the other satellites discussed in this section). Deeper photometry of Kim 2 suggests that it is significantly more metal rich than our assumed isochrone ([Fe/H] ≈ −1 Kim et al. 2015b ). While we searched for more members with a more metal-rich isochrone ([Fe/H] ≈ −1.5), we were not able to find any. Given the low luminosity of this object we did not expect to find many members (see Table 3 ). The reality as stellar overdensities for Cetus II Table 4 Proper motion members from the likelihood fit with membership probability p (d) G-band magnitudes are from Gaia DR2 catalog without reddening correction.
(e) MP is the column to assess the metallicity of the star based on its location in the color-color diagram (see §4.2 for details). Here we define MP = −1 for blue stars with g − r < 0.35 without a metallicity assessment; MP = 1 (MP = 0) for stars with g − r > 0.35 and a location on color-color diagram above (below) the empirical stellar locus, indicating that they are possible metal-poor (metal-rich) stars and therefore likely to be members (non-members) of a ultra-faint satellite.
a Full member files are available at https://github.com/apace7/gaia_cross_des_proper_motions.
